Introduction
Von Willebrand factor (VWF) is a very large multimeric protein with a range of multimers from 500 kDa to more than 20 000 kDa and a length of up to 2 mm [1] . It binds in the presence of shear stress to collagen surfaces and to platelets, thereby supporting the formation of a hemostatic plug. If VWF function is disturbed, patients suffer from an increased risk of bleeding. The most frequent disorder is the hereditary Von Willebrand disease (VWD), observed in approximately 1% of the general population. At least 1% of these patients have clinically significant bleeding problems. Acquired VWF deficiencies are also known, but they are less frequent.
A number of laboratory tests are required for the diagnosis of VWD and its different types 1, 2A, 2B, 2M, 2N and 3 [2] . The most commonly used assays are VWF ristocetin cofactor assay (VWF:RCo), VWF antigen assay (VWF:Ag), VWF collagen binding assay (VWF:CB), multimer analysis of VWF, ristocetin-induced platelet aggregation assay (RIPA) and the VWF factor VIII binding assay (VWF:FVIIIB). A so-called 'activity' assay that is based on particle agglutination is also frequently used. However, this measures the binding of an antibody to a functional epitope of VWF [3, 4] . The VWF:Ag assay measures the quantitative amount of the VWF protein, but functional defects and abnormalities in molecular size distribution are not detected. The VWF:RCo assay is still the assay of choice for the detection and quantification of functional defects as in VWD type 2A, 2B and 2M. The assay was developed in the 1970s [5, 6] . It uses stabilized platelets and the peptide ristocetin from Amycolatopsis lurida. VWF binds to the GPIb receptor of the stabilized platelets if ristocetin is present. An agglutination of platelets is induced and measured as a decrease in turbidity.
The VWF:RCo assay has several limitations. Its precision is unsatisfactory with frequently observed coefficients of variation of up to 20% [2] or higher. The lower limit of the measuring range is typically 10-20%, which is not low enough for phenotyping of severe forms of VWD. Furthermore, a VWF amino acid polymorphism (p.D1472H) was recently shown to affect the results of the VWF:RCo assay probably due to decreased binding of ristocetin to the VWF A1 domain, and was identified as the probable cause for spuriously lower VWF activity/antigen ratios dependent on the presence of the H-allele [7] . Another disadvantage is the limited availability of VWF:RCo assay applications on automated systems.
There are several approaches for alternative activity assay designs that have been published or presented as posters and or even commercialised [7] [8] [9] [10] [11] [12] [13] [14] [15] . Our approach for an improved activity assay (VWF:GPIbM) was to use a recombinant GPIb alpha (GPIba) fragment with gainof-function mutations. The mutated GPIb binds to VWF without the support of ristocetin. A microparticle agglutination type of assay was developed to make the assay widely available on automated coagulation systems.
Materials and methods

GPIba fragment
A recombinant GPIba fragment was constructed. It is expressed in human embryonal kidney (HEK) cells and secreted by the cells in the culture medium. Purification is performed with affinity chromatography.
The gain-of-function mutations were introduced into the GPIba fragment (Fig. 1) . Both mutations are known from the platelet-type or Pseudo VWD that is characterized by spontaneous binding of VWF to platelets with the mutant GPIb [16] . Both mutations are located in the b-hairpin loop, which plays a functional role in the binding of GPIb to the A1 domain of VWF. Although the wild type receptor requires ristocetin to bind VWF in vitro, the mutated receptor shows maximum binding even in the complete absence of ristocetin (Fig. 2) .
Materials
The following kits and reagents were obtained from Siemens (Marburg, Germany): INNOVANCE VWF Ac test kit (VWF:GPIbM), vWF Ag test kit (VWF:Ag), BC von Willebrand Reagent (VWF:RCo), Standard Human Plasma, Control Plasma N, Control Plasma P, Owrens Veronal Buffer (OVB).
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Microparticle
Assay principle of VWF:GPIbM. A monoclonal anti-GPIb antibody is coupled to the surface of polystyrene microparticles. The antibody captures the recombinant GPIba fragment that has two gain-of-function mutations included. When mixed with a sample containing active VWF, the microparticle-GPIba complex binds spontaneously to the A1 domain of VWF. No ristocetin or shear stress is needed to enhance the binding reaction. Due to the high number of A1 binding sites of the VWF molecule as well as the numerous antibody binding sites on the particle, microparticle agglutination can take place and is measured turbidimetrically. Reproduced by courtesy of C. Baldauf. On the BCS XP system, 13 ml of Reagent III, containing the GPIba fragment, is mixed on board the system with 70 ml of Reagent II, 30 ml Owrens Veronal Buffer and 15 ml of the patient's plasma sample. VWF of the sample binds to the gain-of-function GPIba fragment without any support of shear stress, ristocetin or any other agent. After 120 s of incubation, Reagent I (40 ml), containing the microparticles, is added as the starting reagent. The binding of the microparticles to the VWF/GPIba complex is measured as an increase in turbidity, which is caused by particle agglutination. The measuring time is 55 s. Calibration of the assay is performed by the system by diluting Standard Human Plasma with OVB. An extended measuring range is achieved by increasing the sample volume or by prediluting the sample.
Samples
Citrated human plasma was used for all studies. Refer to the respective study description below for more details.
Dilution linearity
The procedure and evaluation was performed for all system applications according to the CLSI guideline EP06-A [17] . One plasma sample with 700-800% VWF (upper limit of the measuring range: 600% of norm) was diluted with OVB to obtain at least 10 levels of VWF activity. The measured values were plotted against the theoretical values and the deviation of the plotted curve from the ideal straight line was calculated for each measured VWF level. This procedure was repeated by using a sample with 150-190% VWF.
Limit of blank/Limit of detection Five samples containing no VWF (buffer, VWF-deficient plasma) as well as five samples containing very low levels of VWF were measured on two systems of each system type on 3 days in double determination. The CLSI guideline EP17-A [18] was followed to calculate the limit of detection and limit of blank.
Measuring range/assay protocols One assay protocol was established for screening purposes. It covers 25-125% VWF on the Sysmex CA-560 system and 15-150% VWF on all other systems. If VWF activity exceeds these limits, the range is extended by automated sample predilution on the Sysmex CA-560 system and all other systems up to 480 and 600% of norm, respectively. If the VWF activity underruns the lower limit, a dedicated and calibrated second, low-range assay protocol is performed automatically. The low-range assay protocol of the Sysmex CA-560 system is not calibrated; it uses the calibration curve of the screening assay protocol. The lower end of the low measuring range is 6% of norm on the Sysmex CA-560 system and 4% norm on all other systems.
The calibrator for the VWF:GPIbM assay is Standard Human Plasma, which is calibrated against the VWF:RCo value of the International Standard for Blood Coagulation Factor VIII and VWF in Plasma. The results are reported as % of norm (100% of norm ¼ 1 IU/ml).
Precision
The precision of the VWF:GPIbM assay was measured on 20 days using four sample aliquots per day by following the recommendations in the CLSI guideline EP5-A2 [19] . The samples used were commercial controls (see section Materials) or plasma pools, partially diluted with VWF-deficient plasma (in-house preparation) or spiked with Haemate obtained from CSL Behring (Marburg, Germany).
Interference
The possible interference of haemoglobin and bilirubin was investigated by spiking a control plasma with the pure substance. Bilirubin was obtained from SigmaAldrich (Hamburg, Germany). Haemoglobin was isolated from fresh red blood cells.
Triglyceride interference was investigated either by spiking plasma with triglycerides (Lipovenoes obtained from Fresenius, Bad Homburg, Germany) or by using native, lipemic samples. For these samples, interference was identified as the difference of results of uncentrifuged and centrifuged samples (18 000g, 15 min).
Interference of rheumatoid factors and human antimouse antibodies (HAMAs) was investigated by measuring samples with increased rheumatoid factor and HAMA values untreated and after a treatment with a heterophilic blocking tube (HBT; Scantibodies, Santee, California, USA). Samples with increased rheumatoid factor and HAMA levels were obtained from Trina (Nänikon, Switzerland), Clinisys (Atlanta, Georgia, USA), ProMedDx (Norton, USA), Scantibodies and Milan (Magden, Switzerland).
Control recovery/recalibration frequency
Control Plasma N and Control Plasma P were measured on 20 working days. Four vials were tested every day.
The calibration was performed on the first day and no recalibration was necessary during the measuring period.
Reference range Citrated human plasma was obtained from healthy donors at the blood donation centre of Siemens (Marburg, Germany) and at the study site in New York (USA). Reference ranges were determined on all systems by calculating the 2.5th-97.5th percentile of the results obtained from more than 119 donors with blood O or non O, respectively.
Method comparison
Citrated plasma samples were collected at the study sites in Hamburg, Aarau and New York. The diagnosis and classification was performed by the study sites.
The following patient groups and sample numbers were included in the method comparison study (n ¼ 580): normal controls (n ¼ 240) and patients with elevated VWF values as well as patients not classified (n ¼ 147),
, acquired von Willebrand syndrome (n ¼ 8) and patients treated with DDAVP (n ¼ 39). The samples were measured by using the VWF:GPIbM assay and BC von Willebrand Reagent on the BCS XP system. Most of the samples were also measured by using the VWF Ag reagent on the BCX XP system. In Hamburg, seven type 3 VWD samples were investigated.
Statistical analysis
Method comparison was evaluated using a PassingBablok regression analysis. Reference ranges were calculated nonparametrically according to IFCC [20] . Furthermore, a nested analysis of variance model with random effects was used to evaluate the precision performance data and to calculate the coefficients of variation in agreement with CLSI guideline EP5-A2 [19] . Statistical evaluations were performed with SAS-Software Version 9.1 (SAS Institute, Cary, North Carolina, USA).
Results
Ristocetin dependence
The VWF:GPIbM assay uses a recombinant mutated GPIba fragment that binds to the A1 domain of VWF as well as to the anti-GPIb antibody on the surface of microparticles (Fig. 1) . The subsequent agglutination of the microparticles correlates with the VWF activity of the plasma sample and is measured as an increase in turbidity.
The dependence of the assay of ristocetin was investigated in an ELISA setup (Fig. 2) . When a wild-type GPIb fragment was used, ristocetin was needed to obtain a measurable binding of VWF of the sample to the GPIb fragment present on the surface of the ELISA wells. Replacement of the wild-type GPIb fragment by the mutated GPIb fragment renders the assays completely independent of ristocetin. Maximum binding is observed even in the absence of ristocetin.
Measuring range
The linearity of the method was evaluated by plotting the measured values of a series of sample dilutions against the theoretical values. No sample result of the plotted curve differed from the ideal straight line by more than 11% rel. (>30% VWF) or more than 3% abs. ( 30% VWF) within the intended measuring range.
The limit of blank and limit of detection, calculated according to the CLSI guideline EP17-A, were less than or equal to 1.1% VWF and less than or equal to 2.2% VWF, respectively, for all the system applications.
These results allowed the establishment of a measuring range from 4 to 600% of norm on the BCS/BCS XP, Sysmex CA-1500, Sysmex CA-7000 and Sysmex CS2000i/2100i systems and from 6 to 480% of norm on the Sysmex CA-560 system.
Precision
Eighty sample aliquots were measured on 20 working days in two runs per day. The VWF levels of the samples ranged from 9 to 450% of norm. The mean within-device CV of all measurements and systems was 3.6%. No major difference was observed between the systems or between different VWF levels of the samples. Only one withindevice CV result was more than 6.6%. Even at a level of 9% VWF, very low CVs between 1.9 and 6.6% were observed ( Table 1) .
Von a VWF (%) determined by using the CA-1500 system.
Control recovery/recalibration frequency
The recovery of Control Plasma N, Control Plasma P and Control Plasma P 1 : 3 diluted with OVB was investigated over a period of 4 weeks. In total, 80 vials of controls were tested. The calibration curve was measured at the beginning and no remeasurement was necessary during the experiment. All control results were within the assigned range (Fig. 3) . It is expected that the calibration curve is usable for a period of at least 4 weeks.
Correlations between different reagent lots and between different systems Figure 4 shows the excellent correlation of results obtained by using different reagent lots on the same system. The correlation of the Sysmex CA-1500 system with the BCS XP system is shown in Fig. 5 (slope ¼ 1.02, r ¼ 0.99). The correlation results from all other systems (Sysmex CS-2000i Ã , CA-7000 and CA-560 Systems) to the BCS XP system are very similar (data not shown). For all systems, the correlation coefficient r was between 0.98 and 1.00 and the slope was between 1.02 and 1.08.
Reference range
The reference range of a German population (Marburg) was examined on the BCS XP system for blood group non O runs from 61 to 179% and for blood group O from 46 to 146%. As expected, higher values for blood group non O than for blood group O were observed. The reference range established in New York -also on a BCS XP system -was nearly identical to the Marburg reference range (Table 2) .
Interference No interference of bilirubin was observed up to 60 mg/dl and of haemoglobin up to 1000 mg/dl on all systems. These concentrations were the highest levels tested. Triglyceride interference was variable on the different systems and assay protocols. On the Sysmex CA-560 system, turbid samples could not be measured with the assay protocol for the low range. Such samples should be centrifuged to remove the lipids. All other systems and assay protocols are at least free of interference up to 312 mg/dl triglycerides.
Normal samples and samples with rheumatoid factors (41-1450 IU/ml) were measured untreated and treated with a HBT. The treatment did not change the result in any of the rheumatoid factor samples (Fig. 6a) . The same experiment was performed by using normal samples and samples with increased HAMA values (1-3614 ng/ml). In one out of 26 HAMA samples, the treatment considerably lowered the measured VWF level from 19 to 5% indicating the presence of interference in this sample (Fig. 6b ).
Method comparison
Results from normal and pathological samples from all three study sites were pooled (Fig. 7a ). Both VWF:GPIbM and VWF:RCo (BC von Willebrand) were measured on the BCS XP system. A correlation coefficient of 0.99 and a slope of 0.96 were observed. In the range below 200% VWF, a slope of 0.95 and a correlation coefficient of r equal to 0.98 was calculated (Fig. 7b) . The results from samples classified as VWD type 1, 2A, 2B, 2M or 2N are shown in Fig. 8 and Table 3 . For all types, 
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Control recovery over a 20-day measuring period. One normal control and two pathological controls were measured on 20 days within a time period of 1 month on 5 different automated systems with the VWF:GPIbM assay application. Assigned confidence ranges as defined by the manufacturer are marked by the dashed lines. Calibration of the assay was performed before starting the measurement. Recalibration was not required.
Von Willebrand factor activity assay based on GPIb binding Patzke et al. 865 Innovance VWF Ac/BCS XP Innovance VWF Ac/CA-1500 400 500 600
% of norm
Comparison of Sysmex CA-1500 System and BCS XP Systems. A large number of samples (n ¼ 547) from three study sites were measured either on the Sysmex CA-1500 system or the BCS XP system by using the VWF:GPIbM assay.
the VWF:GPIbM assay correlated very well to the ristocetin cofactor assay. Also, the activity/antigen ratio of the new assay correlates well with the VWF:RCo assay (Fig. 9) . Two type 1 samples with unexpected low ratios of 0.4 were observed by using the VWF:GPIbM result and one type 2A sample with an unexpected high ratio of 1.2 was observed by using the VWF:RCo result. Type 2M 'smeary' was shown as a group separate from the classical type 2M. This subtype of 2M is known for activity/ antigen ratios well above 0.7.
All seven type 3 VWD samples measured at the study site in Hamburg were below the lower end of the VWF:GPIbM measuring range of the BCS XP system (4% of norm).
Discussion
Ristocetin has been known for a long time to be a problematic substance because of its unspecific binding to many proteins [21] . The introduction of two gain-offunction mutations in the GPIb fragment enabled us to develop a VWF activity assay free of ristocetin.
Spontaneous binding of VWF to GPIb is known from the platelet type VWD wherein one of both mutations is present. In the new assay without ristocetin, VWF binding is sufficiently fast to initiate microparticle agglutination and to allow a very short measuring time of approximately 1 min. On the basis of such a strong binding reaction, a very sensitive and precise assay could be developed. The use of simple, turbidimetric measurements allowed the application of the assay on a variety of automated coagulation systems.
The measuring range on all systems was examined by investigating dilution linearity and limit of detection. Samples for the precision and method comparison studies were selected with VWF levels spanning the entire measuring range. Because of the excellent performance, the new assay is perfectly suited for decision-making in the range between 4 and 70% of norm. Very strong deficiencies can be detected and a reliable activity/antigen ratio can be calculated even in the very low range of VWF levels. Within-device CVs were mostly between 2 and 7%. In comparison, for another GPIb-based VWF assay, reproducibility CVs between 7 and 18% were reported [15] .
However, the lower limit of the measuring range of 4% of norm is still not sufficiently low for a definite diagnosis of VWD type 3 defined as having 'undetectable' VWF. Because of the extremely low incidence of samples with such low VWF levels, this should not cause a problem for most clinical laboratories. Such samples should be reinvestigated using other methods such as multimer analysis or a VWF:Ag ELISA.
The automated predilution of the samples allows the measurement of samples with very high VWF levels. Increased VWF levels are probably a risk factor for thrombosis [22] and the new assay can also be used for this purpose. The automated predilution of the sample is also useful if an interference is suspected for a specific sample.
The new assay is very robust with respect to interfering factors, reagent stability, day-to-day variation of systems or differences between different system types. The requirements of routine clinical laboratories are clearly met.
Heterophilic antibodies are very rare but they may pose a problem for assays using antibodies, especially in micoparticle-based assays. The addition of blocking antibodies to a reagent can remove most but not all of these interferences. The VWF:GPIbM assay uses mouse antibodies for capturing the GPIb fragment and not for binding the analyte. Furthermore, a heterophilic blocking reagent is added to Reagent II of the assay. These facts contribute to the high robustness of the assay with respect to RF and HAMA interference. However, one sample with an increased VWF value in comparison to the sample treated with a HBT was observed in the presence of HAMAs indicating that HAMA interference is still present in this sample. Therefore, in case of implausible results, a heterophilic antibody interference should be taken into account. We recommend performing a sample predilution for such samples.
All study results indicate that the new assay is measuring the same functional VWF activity as the ristocetin cofactor assay. The correlation of results is good for normal samples as well as for VWD types 1, 2A, 2B, 2M and 2N and 3 (Fig. 8) . The very similar response to functional defects is probably due to the principle of the assay which is the same as in the VWF:RCo assay: the binding of VWF to GPIb. All patient groups showed the same results in both assays apart from the typical scattering of values as expected from the imprecision of the VWF:RCo assay. It can be speculated that the included gain-of-function mutations have a similar molecular effect on the binding process of VWF to GPIb as shear stress has.
Lawrie et al. [21] investigated the INNOVANCE VWF Ac assay in comparison to a VWF:RCo assay running on the Sysmex CS-2000i system and obtained very comparable results.
Another assay that also uses a gain-of-function GPIb fragment showed different results with type 2B vWD samples [15] . A mean activity/antigen-ratio of 2.63 was observed in 11 type 2B samples while the mean VWF:RCo/antigen-ratio was 0.66.
Three patients in Fig. 9 with an activity/antigen ratio of VWF:GPIbM of approx. 0.4 showed clearly higher ratios with the VWF:RCo assay axis (0.85, 1.20, 1.35). All three samples had VWF:RCo values close to 10% of norm (<10, 10.2, 13.5%), which is the lower end of the measuring range. It is therefore probable that the high imprecision of VWF:RCo at the lower end of the measuring range is the reason for too high ratios in comparison to the VWF:GPIbM assay.
Conclusion
The new ristocetin-free VWF activity assay INNO-VANCE VWF Ac is very reliable, precise, sensitive and fully automated. It is based on the binding of VWF to a recombinant GPIba fragment. Normal samples as well as samples of VWD type 1, 2A, 2B, 2M and 2N patients correlate very well to the VWF:RCo assay. According to the evaluation, the assay seems superior to the VWF:RCo assay and has the potential to become a valuable tool in the clinical laboratory.
What is known about this topic? (1) Recently, GPIba-binding assays were developed as an alternative to the classical ristocetin cofactor assay for the measurement of VWF activity. These assays do not need stabilized platelets, but they still need ristocetin as a cofactor.
What does this paper add?
(1) We have developed an alternative ristocetinfree assay that is based on the binding of VWF to recombinant gain-of-function glycoprotein Ib (GPIb). (2) The excellent performance data and comparability to VWF:RCo, together with the ease of use, led us to the conclusion that the ristocetin cofactor assay can be replaced by the new GPIb-binding assay.
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